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Transport through two quantum dots laterally embedded in Aharonov-Bohm interferometry with
infinite intradot and arbitrary interdot Coulomb repulsion is analyzed in the weak coupling and
Coulomb blockade regime. By employing the modified quantum rate equations and the slave-
boson approach, we establish a general dc current formula at temperatures higher than the Kondo
temperature for the case that the spin degenerate levels of two dots are close to each other. We
examine two simple examples for identical dots - no doubly occupied states and no empty state. In
the former, completely destructive coherent transport and phase locking appear at magnetic flux
Φ = Φ0/2 and Φ = 0 respectively; in the latter, partially coherent transport exhibits an oscillation
with magnetic flux having a period of Φ0.
PACS numbers: 73.21.La Quantum dots, 73.23.-b Electronic transport in mesoscopic systems, 73.23.Hk
Coulomb blockade and single-electron tunneling.
I. INTRODUCTION
Quantum dot (QD), a tiny engineered device accommodating a single electron or a few ones in three-dimensionally
confined space, acts not only as a crucial ingredient for the realization of solid state quantum computation but
also as a convenient tool to explore the effect of strong correlation manifested by discrete energy levels. Very rich
phenomena, such as resonant tunneling, Coulomb blockade and the Kondo effect, arise in different circumstances
to intrigue experimentists and theorists. To address the phase coherence of the transport, the QD or QDs are
embedded in various Aharonov-Bohm (AB) geometries. Till now single dot1,2,3,4,5 or double dots6,7,8 in two-terminal
AB interferometer have been realized in experiments and the current oscillation of magnetic flux has been observed.
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FIG. 1: Schematic of a double-dot system in a parallel configuration between two leads in the presence of Aharonov-Bohm
magnetic flux.
In this paper, we consider two quantum dots parallely connected to two metallic reservoirs with magnetic flux
penetrating the enclosed area. Due to the complexity of this system, most of the previous research concentrated on
the noninteracting case to give the exact and general results of transport and to find effects of magnetic flux, position
and difference of QDs energy levels, and band widths of coupling strength9,10,11,12,13,14,15. There were only a few
thoretical studies of the interacting systems, which focused either on intradot correlation with spin for two identical
dots12,16,17, or on interdot correlation without spin for two different dots18,19, or on the case having large intradot
and interdot correlation without spin for two identical dots12. Ref.20 is an exception where the intradot and interdot
Coulomb repulsion, spin configuration and disparity of two dot levels were discussed at zero temperature covering the
strong coupling Kondo regime. The present paper also deals with intradot and interdot Coulomb correlation, spin
configuration and level disparity but is concerned with the Coulomb blockade regime at temperatures higher than the
Kondo temperature.
For the description of quantum transport through double-dot system, the ”classical” rate equations must be modi-
fied for nondiagonal density matrix elements responsible for transitions between isolated quantum states21,22,23,24,25.
2Recently a modified quantum equations have been derived26 to study the transport of an interacting system using the
slave-boson technique introduced by Zou and Anderson27 and incorporating the nonequilibrium Green’s functions.
The solutions are equivalent to the lowest-order gradient expansion, which is a good approximation for sequential
resonant tunneling28, and essentially accordant with previous analyses. Utilizing this kind of quantum rate equations,
one is able to discuss the Coulomb correlation effect at arbitrary temperature. In the present paper, we apply this
method to analyze a double-dot AB interferometer with interdot and intradot Coulomb repulsion, considering the
lowest-order of the dot-lead coupling strength in transport.
II. FORMULATION
The Hamiltonian of two tunneling coupled quantum dots parallely connected to left and right leads with the presence
of magnetic flux is described by the genetic tunneling model:
H =
∑
αkσ
ǫαkσc
†
αkσcαkσ + ǫ1
∑
σ
c†1σc1σ + Un1↑n1↓ + ǫ2
∑
σ
c†2σc2σ + Un2↑n2↓ + U
′
∑
σσ′
n1σn2σ′ (1)
+
∑
kσ
(tL1σc
†
Lkσc1σ + tR1σc
†
Rkσc1σ + h.c.) +
∑
kσ
(tL2σc
†
Lkσc2σ + tR2σc
†
Rkσc2σ + h.c.),
where c†1(2)σ (c1(2)σ) and c
†
αkσ (cαkσ) are creation (annihilation) operators of electrons in the dots 1(2) and in the left
and right leads (α = L,R) with spin σ. Each dot has a single spin degenerate orbital level ǫ1(2) and an infinite on-site
Coulomb repulsion U and simultaneously there is an arbitrary finite interdot electrostatic correlation U ′ between
them. We only consider the two dot levels are very close to each other, ǫ2(1) = ǫd±ǫ/2, with a small variation ǫ.
The effect of AB flux Φ is taken into account in the tunneling amplitude tα1(2)σ by ϕ = 2πΦ/Φ0 with the flux
quantum Φ0 = h/e. In the Peierls gauge, one generally chooses t
∗
L1σ = tL2σ = t
∗
R2σ = tR1σ = |t|e
iϕ/410,12. The αth
lead is supposed to be Fermi liquids in equilibrium state and has the same coupling strength function with two dots
Γασ(ω) = 2π
∑
kα |tα1(2)σ|
2δ(ω − ǫαkσ).
According to the slave-particle approach originated by Zou and Anderson, we introduce auxiliary operators
e†, f †1σ (f
†
2σ), d
†
σσ′ to stand for the possible states of two dots as a whole: empty state |0〉1|0〉2, singly occupied
state |σ〉1|0〉2 (|0〉1|σ〉2), and doubly occupied state |σ〉1|σ
′〉2 respectively. In the slave-boson representation, the elec-
tron operators of each dot are substituted by the slave-boson operators e†, d† and the pseudo-fermion operators f †1σ,
f †2σ
26,27:
c1σ = e
†f1σ +
∑
σ′
f †2σ′dσσ′ , c2σ = e
†f2σ +
∑
σ′
f †1σ′dσ′σ, (2)
with the completeness constraint e†e +
∑
σ(f
†
1σf1σ + f
†
2σf2σ) +
∑
σσ′ d
†
σσ′dσσ′ = 1, for which these operators must
be correctly quantized to make the sum rule for the physical electron valid and the commutators between them are
satisfying26,29:
ee† = 1, dσ1σ2d
†
σ′1σ′2
= δσ1σ′1δσ2σ′2 , fiσf
†
jσ′ = δijδσσ′ , (3)
ed†σσ′ = ef
†
iσ = fiσe
† = fiσd
†
σ′σ′′ = dσσ′e
† = dσ′σ′′f
†
iσ = 0.
So the effective Hamiltonian is written in terms of these instrumental state operators:
Heff =
∑
αkσ
ǫαkσc
†
αkσcαkσ + ǫ1
∑
σ
f †1σf1σ + ǫ2
∑
σ
f †2σf2σ + (ǫ1 + ǫ2 + U
′)
∑
σσ′
d†σσ′dσσ′ (4)
+
∑
kσ
[tL1σc
†
Lkσ(e
†f1σ +
∑
σ′
f †2σ′dσσ′ ) + tR1σc
†
Rkσ(e
†f1σ +
∑
σ′
f †2σ′dσσ′ ) + h.c.]
+
∑
kσ
[tL2σc
†
Lkσ(e
†f2σ +
∑
σ′
f †1σ′dσ′σ) + tR2σc
†
Rkσ(e
†f2σ +
∑
σ′
f †1σ′dσ′σ) + h.c.],
and the density matrix elements are expressed as ρ00 = |0〉1|0〉22〈0|1〈0| = e
†e, ρ11σ = |σ〉1|0〉22〈0|1〈σ| = f
†
1σf1σ,
ρ22σ = |0〉1|σ〉22〈σ|1〈0| = f
†
2σf2σ, ρddσσ′ = |σ〉1|σ
′〉22〈σ
′|1〈σ| = d
†
σσ′dσσ′ , and ρ12σ = |0〉1|σ〉22〈0|1〈σ| = f
†
2σf1σ,
ρ21σ = |σ〉1|0〉22〈σ|1〈0| = f
†
1σf2σ.
3Supposing the left and right leads are made from the identical material and the effective coupling strength is
constant for the energy range of interest ΓL,Rσ(ω) = ΓL,Rσ. Starting from the equations of motion of the density
matrix elements and after the Langreth analytic continuation to decouple the dots and the leads interaction terms,
the rate equations are acquired in the wide band limit:
ρ˙00 =
−i
2π
∫
dω
∑
σ
[Aσ(G
>
e11σ +G
>
e22σ) + Cσ(G
<
e11σ +G
<
e22σ) +BσG
>
e12σ +B
∗
σG
>
e21σ +DσG
<
e12σ (5)
+ D∗σG
<
e21σ ],
ρ˙11σ =
i
2π
∫
dω(AσG
>
e11σ + 1/2BσG
>
e12σ + 1/2B
∗
σG
>
e21σ + CσG
<
e11σ + 1/2DσG
<
e12σ + 1/2D
∗
σG
<
e21σ) (6)
−
i
4π
∫
dω
∑
σ′σ′′
[Aσ′(G
>
11σ′σσ′′ +G
>
11σ′σ′′σ) +Bσ′G
′′>
d21σ′σ′′σ +B
∗
σ′G
>
d12σσ′σ′′ + Cσ′ (G
<
11σ′σσ′′
+ G<11σ′σ′′σ) +Dσ′G
′′<
d21σ′σ′′σ +D
∗
σ′G
<
d12σσ′σ′′ ],
ρ˙22σ =
i
2π
∫
dω(AσG
>
e22σ + 1/2BσG
>
e12σ + 1/2B
∗
σG
>
e21σ + CσG
<
e22σ + 1/2DσG
<
e12σ + 1/2D
∗
σG
<
e21σ) (7)
−
i
4π
∫
dω
∑
σ′σ′′
[Aσ′(G
>
22σ′σσ′′ +G
>
22σ′σ′′σ) +Bσ′G
′′>
d21σ′σσ′′ +B
∗
σ′G
>
d12σ′′σ′σ + Cσ′ (G
<
22σ′σσ′′
+ G<22σ′σ′′σ) +Dσ′G
′′<
d21σ′σσ′′ +D
∗
σ′G
<
d12σ′′σ′σ],
ρ˙12σ =
i
4π
∫
dω[2AσG
>
e12σ +B
∗
σ(G
>
e11σ +G
>
e22σ) + 2CσG
<
e12σ +D
∗
σ(G
<
e11σ +G
<
e22σ)] (8)
−
i
4π
∫
dω
∑
σ′σ′′
[Aσ′ (G
>
d21σ′σ′′σ +G
′>
d21σσ′σ′′ ) +B
∗
σ′(G
′>
d11σ′σ′′σ +G
′>
d22σσ′σ′′ ) + Cσ′ (G
<
d21σ′σ′′σ
+ G
′<
d21σσ′σ′′) +D
∗
σ′(G
′<
d11σ′σ′′σ +G
′<
d22σσ′σ′′ )] + i(ǫ2 − ǫ1)ρ12σ,
ρ˙ddσσ =
i
4π
∫
dω
∑
σ′
[Aσ(G
>
d11σσσ′ +G
>
d11σσ′σ +G
>
d22σσσ′ +G
>
d22σσ′σ) +Bσ(G
′′>
d21σσσ′ +G
′′>
d21σσ′σ) (9)
+ B∗σ(G
>
d12σ′σσ +G
>
d12σσσ′ ) + Cσ(G
<
d11σσσ′ +G
<
d11σσ′σ +G
<
d22σσσ′ +G
<
d22σσ′σ) +Dσ(G
′′<
d21σσσ′
+ G
′′<
d21σσ′σ) +D
∗
σ(G
<
d12σ′σσ +G
<
d12σσσ′ )],
ρ˙ddσσ¯ =
i
4π
∫
dω
∑
σ′
[Aσ¯(G
>
d11σ¯σσ′ +G
>
d11σ¯σ′σ) +Aσ(G
>
d22σσ¯σ′ +G
>
d22σσ′σ¯) +BσG
′′>
d21σσ¯σ′ (10)
+ Bσ¯G
′′>
d21σ¯σ′σ +B
∗
σG
>
d12σ′σσ¯ +B
∗
σ¯G
>
d12σσ¯σ′ + Cσ¯(G
<
d11σ¯σσ′ +G
<
d11σ¯σ′σ) + Cσ(G
<
d22σσ¯σ′
+ G<d22σσ′σ¯) +DσG
′′<
d21σσ¯σ′ +Dσ¯G
′′<
d21σ¯σ′σ +D
∗
σG
<
d12σ′σσ¯ +D
∗
σ¯G
<
d12σσ¯σ′ ],
here Aσ = fL(ω)ΓLσ + fR(ω)ΓRσ , Cσ = [1 − fL(ω)]ΓLσ + [1 − fR(ω)]ΓRσ, Bσ = fL(ω)ΓLσe
−iϕ/2 + fR(ω)ΓRσe
iϕ/2,
Dσ = [1− fL(ω)]ΓLσe
−iϕ/2+ [1− fR(ω)]ΓRσe
iϕ/2, with the Fermi distribution function fα(ω) = 1/(e
β(ω−µα)+1), µα
the chemical potential of the αth lead at temperature 1/β.
For a symmetric system ΓLσ = ΓRσ = Γσ, the dc current of the stationary state can be symmetrized I = (IL−IR)/2
and Iα(α = L,R) is obtained from the average of time derivative of electron number operator of the αth lead:
I =
ie
2h
∫
dω
∑
σ
Γσ{[fL(ω)− fR(ω)][G
>
e11σ +G
>
e22σ −G
<
e11σ −G
<
e22σ +
∑
σ′σ′′
(G>d11σσ′σ′′ +G
>
d22σσ′σ′′ (11)
− G<d11σσ′σ′′ −G
<
d22σσ′σ′′)] + cos
ϕ
2
[fL(ω)− fR(ω)][G
>
e12σ +G
>
e21σ −G
<
e12σ −G
<
e21σ +
∑
σ′σ′′
(G
′′>
d21σσ′σ′′
+ G>d12σ′′σσ′ −G
′′<
d21σσ′σ′′ −G
<
d12σ′′σσ′ )] + i sin
ϕ
2
[fL(ω) + fR(ω)][G
>
e21σ −G
>
e12σ +
∑
σ′σ′′
(G>d12σ′′σσ′
− G
′′>
d21σσ′σ′′)] + 2i sin
ϕ
2
[1−
fL(ω) + fR(ω)
2
][G<e21σ −G
<
e12σ +
∑
σ′σ′′
(G<d12σ′′σσ′ −G
′′<
d21σσ′σ′′)]}.
4This expression is similar with that of Ref.12 where the interdot correlation was not included. The Green’s functions
quoted in the above are defined as follows:
Geiiσ = << e
†(t)fiσ(t)|f
†
iσ(t
′)e(t′) >>,Geijσ =<< e
†(t)fiσ(t)|f
†
jσ(t
′)e(t′) >>, (12)
Gd11σ′σσ′′ = << f
†
1σ(t)dσσ′ (t)|d
†
σ′′σ′(t
′)f1σ′′ (t
′) >>,G
′
d11σ′σ′′σ =<< f
†
1σ′′(t)dσ′′σ′(t)|d
†
σ′σ(t
′)f1σ(t
′) >>,
Gd22σ′σσ′′ = << f
†
2σ(t)dσ′σ(t)|d
†
σ′σ′′ (t
′)f2σ′′ (t
′) >>,G
′
d22σσ′σ′′ =<< f
†
2σ(t)dσσ′ (t)|d
†
σ′σ′′ (t
′)f2σ′′ (t
′) >>,
Gd21σ′σ′′σ = << f
†
2σ′′ (t)dσ′σ′′ (t)|d
†
σ′σ(t
′)f1σ(t
′) >>,G
′
d21σσ′σ′′ =<< f
†
2σ(t)dσσ′ (t)|d
†
σ′′σ′(t
′)f1σ′′ (t
′) >>,
G
′′
d21σ′σσ′′ = << f
†
2σ(t)dσ′σ(t)|d
†
σ′′σ′(t
′)f1σ′′ (t
′) >>,Gd12σσ′σ′′ =<< f
†
1σ(t)dσσ′ (t)|d
†
σ′σ′′ (t
′)f2σ′′ (t
′) >> .
In weak coupling approximation and with small level discrepancy ǫ, the correlation Green’s functions in the isolated
two dot system are:
G<0eiiσ(ω) = 2πiρiiσδ(ω − ǫd), G
>0
eiiσ(ω) = −2πiρ00δ(ω − ǫd), (13)
G<0eijσ(ω) = 2πiρijσδ(ω − ǫd), G
>0
eijσ(ω) = 0,
G<0d11σ′σσ′′ (ω) = δσσ′′2πiρddσσ′δ(ω − ǫd − U
′), G>0d11σ′σσ′′ (ω) = −δσσ′′2πiρ11σδ(ω − ǫd − U
′),
G<0d22σ′σσ′′ (ω) = δσσ′′2πiρddσ′σδ(ω − ǫd − U
′), G>0d22σ′σσ′′ (ω) = −δσσ′′2πiρ22σδ(ω − ǫd − U
′),
G
′<0
d11σ′σ′′σ(ω) = δσσ′δσσ′′2πiρddσσδ(ω − ǫd − U
′), G
′>0
d11σ′σ′′σ(ω) = −δσσ′δσσ′′2πiρ11σδ(ω − ǫd − U
′),
G
′<0
d22σσ′σ′′(ω) = δσσ′δσσ′′2πiρddσσδ(ω − ǫd − U
′), G
′>0
d22σσ′σ′′(ω) = −δσσ′δσσ′′2πiρ22σδ(ω − ǫd − U
′),
G<0d21σ′σ′′σ(ω) = 0, G
>0
d21σ′σ′′σ(ω) = −δσσ′′2πiρ12σδ(ω − ǫd − U
′),
G
′<0
d21σσ′σ′′(ω) = 0, G
′>0
d21σσ′σ′′ (ω) = −δσσ′′2πiρ12σδ(ω − ǫd − U
′),
G
′′<0
d21σ′σσ′′ (ω) = 0, G
′′>0
d21σ′σσ′′ (ω) = −δσσ′δσσ′′2πiρ12σδ(ω − ǫd − U
′),
G<0d12σσ′σ′′(ω) = 0, G
>0
d12σσ′σ′′ (ω) = −δσσ′δσσ′′2πiρ21σδ(ω − ǫd − U
′).
Note that by using the lowest-order gradient expansion with slowly varying in the center-of-mass time T and rapidly
varying in the relative time t and after the Fourier transformation from t to ω, the same results as the above can be
acquired.
Inserting Eq.(13) into Eq.(5)− (10), we get the final quantum equations:
ρ˙00 =
∑
σ
[−2α1σρ00 + beta1σ(ρ11σ + ρ22σ) + β2σρ12σ + β
∗
2σρ21σ], (14)
ρ˙11σ = α1σρ00 − (β1σ +
∑
σ′
α˜1σ′)ρ11σ − 1/2(β2σ + α˜2σ)ρ12σ − 1/2(β
∗
2σ + α˜
∗
2σ)ρ21σ +
∑
σ′
β˜1σ′ρddσσ′ ,
ρ˙22σ = α1σρ00 − (β1σ +
∑
σ′
α˜1σ′)ρ22σ − 1/2(β2σ + α˜2σ)ρ12σ − 1/2(β
∗
2σ + α˜
∗
2σ)ρ21σ +
∑
σ′
β˜1σ′ρddσ′σ,
ρ˙21σ = α2σρ00 − 1/2(β2σ + α˜2σ)(ρ11σ + ρ22σ)− (β1σ +
∑
σ′
α˜1σ′ )ρ21σ + β˜2σρddσσ + i(ǫ1 − ǫ2)ρ21σ,
ρ˙ddσσ = α˜1σ(ρ11σ + ρ22σ) + α˜2σρ12σ + α˜
∗
2σρ21σ − 2β˜1σρddσσ,
ρ˙ddσσ¯ = α˜1σρ22σ¯ + α˜1σ¯ρ11σ − (β˜1σ + β˜1σ¯)ρddσσ¯.
Here,
α1σ = fL(ǫd)ΓLσ + fR(ǫd)ΓRσ, β1σ = [1− fL(ǫd)]ΓLσ + [1− fR(ǫd)]ΓRσ, (15)
α˜1σ = fL(ǫd + U
′)ΓLσ + fR(ǫd + U
′)ΓRσ, β˜1σ = [1− fL(ǫd + U
′)]ΓLσ + [1− fR(ǫd + U
′)]ΓRσ,
α2σ = fL(ǫd)ΓLσe
−iϕ/2 + fR(ǫd)ΓRσe
iϕ/2, β2σ = [1− fL(ǫd)]ΓLσe
−iϕ/2 + [1− fR(ǫd)]ΓRσe
iϕ/2,
α˜2σ = fL(ǫd + U
′)ΓLσe
−iϕ/2 + fR(ǫd + U
′)ΓRσe
iϕ/2,
β˜2σ = [1− fL(ǫd + U
′)]ΓLσe
−iϕ/2 + [1− fR(ǫd + U
′)]ΓRσe
iϕ/2.
Complemented with the completeness relation ρ00 + 2ρ11 + 2ρ22 + 2ρdd + 2ρdd¯ = 1, the closed equations Eq.(14) can
be solved to determine the expectation values of the matrix in steady states.
5III. DISCUSSION
In the equilibrium state, only the diagonal distribution probabilities are nonzero, ρ00 = 1/Z, ρ11σ = e
−βǫd/Z, ρ22σ =
e−βǫd/Z, ρddσσ′ = e
−β(2ǫd+U
′)/Z and Z = 1 + 4e−βǫd + 4e−β(2ǫd+U
′), which can be readily gotten from the above
equations set with fL(ǫd) = fR(ǫd) = (e
βǫd + 1)−1, fL(ǫd + U
′) = fR(ǫd + U
′) = {eβ(ǫd+U
′) + 1}−1 supposing the
equilibrium chemical potential µL = µR = 0. The results meet the classical Boltzmann distribution in weak coupling
limit. It is obvious that the occupation number of dot 1 with certain spin c†1σc1σ = ρ11σ +
∑
σ′ ρddσσ′ has nothing to
do with the magnetic flux Φ and the effect of dot level disparity ǫ is not taken into account, which is the same as dot
2, and in the spin symmetry space ρddσσ = ρddσσ¯.
Applying external voltage on the two leads, the whole system is driven out of equilibrium and off-diagonal elements
play a vital role in transport, whereupon some novel features arise. In the spin symmetry space α(α˜)1(2)σ, β(β˜)1(2)σ,
ΓL(R)σ are all independent of spin, so for simplicity we subtract their spin index σ. After straightforward derivation,
the solutions for these closed equations and the final formula of current in steady states are obtained in Appendix. In
the following we will see that the occupation number of the dot 1(2) shows explicit AB oscillations originating from
the interference of two dot states ρ12σ and ρ21σ, which is certificated by the existence of phase related coefficients
α2σ, β2σ, α˜2σ, β˜2σ in the closed equations only stemming from the existence of ρ12σ and ρ21σ. Furthermore, ρddσσ is
distinct from ρddσσ¯. This difference can be understood in this way. Interference between electrons in the leads and in
the dots survives only when both dots are empty, or one dot is empty and the other is occupied by or obth are occupied
by the same spin as the electron coming from the lead. So the bias-induced coherence of two dot states ρ12σ and ρ21σ
are only associated with spin diagonal double-occupied state probability ρddσσ and not with spin nondiagonal one
ρddσσ¯, otherwise the path the incoming electron travels can be identified. This is distinct from double-dot in series
where the path is a definite one including both dots26. From the equation of ρddσσ, we can see that effect of ρ12σ and
ρ21σ is to accelerate its change with the time.
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FIG. 2: Left: AB oscillations of dot population n1(2) with interdot correlation U
′ = 0 and energy disparity ǫ = 0 at temperature
kBT = 20 and bias voltage eV = 50 for different average level ǫd: −1(solid), −1.5(dash), −2(dot), −2.5(dash dot). Right: AB
oscillations of current for different energy disparity ǫ with interdot correlation U ′ = 20 and average level ǫd = −1 at temperature
kBT = 20 and bias voltage eV = 50. e = ~ = Γ = 1.
Note that the temperature is assumed higher than the Kondo temperature so that the Kondo correlation which is
attributed to the strong coupling between leads and dots can be negligible. In the sequential tunneling picture, the
tunneling contribution to transport is up to first order in Γ in the Coulomb blockade regime. We can directly calculate
the current from Eq.(21) which is valid for arbitrary bias voltage eV , interdot repulsion U ′, and dot energy position
ǫd in broad ranges and for tiny level variation ǫ between two dots. For convenience, the symmetric bias voltage
µL = −µR = eV/2 is applied, then all the results are invariant under the reversals of magnetic flux ϕ→− ϕ and of
bias voltage eV→− eV simultaneously. This is in accordance with the Onsager relation for two-terminal setups12. In
general, the occupation number of dot 1(2) and the current through the system all have AB oscillations, combinations
of cosϕ and sinϕ, with a period of Φ0, and the amplitudes depend on the resonant energy level ǫd and ǫd + U
′
relative to the chemical potentials of two leads and small disparity amplitude ǫ. It is also supposed that kBT≫Γ,
|ǫ1|, |ǫ2|, and Γ≫|ǫ|, so the lowest-order transport dominates. In Fig.2 we plot AB oscillations of the population in
dot with different level positions and the current with different energy discrepancys respectively. For two identical
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FIG. 3: Current versus interdot correlation U ′ with various temperatures for average dot level ǫd = −1, energy disparity ǫ = 0,
and bias voltage eV = 50 at ϕ = 0 (left) and at ϕ = π(right). e = ~ = Γ = 1.
dots ǫ = 0, all oscillations are symmetric about ϕ = 0 including only cosϕ with larger amplitudes for deeper levels.
The population reaches maximum at ϕ = 0 and minimum at ϕ = π. For two distinct dots ǫ 6=0, the symmetry about
ϕ = 0 is lost, which gets more apparent with larger ǫ for oscillations following sinϕ take effect, and the extremes at
ϕ = 0 and ϕ = π also disappear. Fig.3 shows current versus interdot correlation with various temperatures for ϕ = 0
and ϕ = π. We can see that at finite temperature and finite bias the interdot correlation does not always inhibit
transport. Only when U ′ is large enough, the prohibition effect appears, especially at ϕ = π, and this is mitigated by
raising the temperature.
In the following two specially simple cases with equal energy levels of two dots are under consideration. First
is that doubly occupied states are forbidden by infinite interdot Coulomb repulsion U ′, such that ρddσσ′ = 0, and
α˜1 = 0, α˜2 = 0. The steady solutions are
ρ11 =
(2− fL − fR)[(1− fL)fR + (1− fR)fL]
2(fL + fR − 3fLfR + 1)(2− fL − fR)
, (16)
ρ12 =
fL − fR
2(fL + fR − 3fLfR + 1)
[
fR − fL
2− fL − fR
cos
ϕ
2
+ i sin
ϕ
2
],
ρ00 =
fLfR − fL − fR + 1
fL + fR − 3fLfR + 1
,
and the current is
I =
2πeΓ
h
2(fL − fR)(1 − fR)(1− fL)
(fL + fR − 3fLfR + 1)(2− fL − fR)
(1 + cosϕ). (17)
It is evident that in this situation transport through the whole system is totally coherent, even though the population
of dot 1(2) shows no AB oscillations. With ϕ = 0,±2π,±4π, ..., the current reaches the maximum, and phase locking
always happens for any voltage and dot levels. With ϕ = ±π,±3π,±5π, ..., the current vanishes and the interference
between two dots is completely destructive, since the whole system now is equivalent to the sum of two separated
subsystems and no transport will take place for any bias, which conforms to Ref.12. Considering only the first order
of Γ in sequential tunneling regime, we get the full coherence.
Second is that empty state is forbidden in deep level status with ǫd far below the Fermi level and ǫd+U
′ just above
it in equilibrium state, so that ρ00 = 0, and β1 = 0, β2 = 0. The steady solutions are
ρ11 =
(2− f˜L − f˜R)[(1 − f˜L)(2f˜R + f˜L − f˜R cosϕ) + (1 − f˜R)(2f˜L + f˜R − f˜L cosϕ)]
4(f˜L + f˜R)(3− cosϕ)(2 − f˜L − f˜R) + 2(f˜L − f˜R)2(1− cosϕ)
, (18)
ρ12 =
1
4(f˜L + f˜R)
[(2− f˜L − f˜R) cos
ϕ
2
+ i sin
ϕ
2
(f˜L − f˜R)− (4 cos
ϕ
2
− 2i sin
ϕ
2
f˜R − f˜L
2− f˜L − f˜R
)
(2− f˜L − f˜R)[(1 − f˜L)(2f˜R + f˜L − f˜R cosϕ) + (1 − f˜R)(2f˜L + f˜R − f˜L cosϕ)]
4(f˜L + f˜R)(3− cosϕ)(2 − f˜L − f˜R) + 2(f˜L − f˜R)2(1− cosϕ)
],
7ρdd =
1
2
−
(4− f˜L − f˜R)[(1 − f˜L)2f˜R + f˜L − f˜R cosϕ) + (1− f˜R)(2f˜L + f˜R − f˜L cosϕ)]
4(f˜L + f˜R)(3 − cosϕ)(2 − f˜L − f˜R) + 2(f˜L − f˜R)2(1− cosϕ)
,
ρdd¯ =
(f˜L + f˜R)[(1 − f˜L)(2f˜R + f˜L − f˜R cosϕ) + (1 − f˜R)(2f˜L + f˜R − f˜L cosϕ)]
4(f˜L + f˜R)(3 − cosϕ)(2 − f˜L − f˜R) + 2(f˜L − f˜R)2(1− cosϕ)
,
and the current is
I =
πeΓ
h
f˜L − f˜R
f˜L + f˜R
{1 + 2(f˜L + f˜R) + (1− f˜L − f˜R) cosϕ− [(4− f˜L − f˜R) (19)
+ (4− 3f˜L − 3f˜R) cosϕ]
(1− f˜L)(2f˜R + f˜L − f˜R cosϕ) + (1− f˜R)(2f˜L + f˜R − f˜L cosϕ)
2(f˜L + f˜R)(3 − cosϕ)(2 − f˜L − f˜R) + (f˜L − f˜R)2(1− cosϕ)
},
which is partially coherent, and the AB oscillations for the population in dots and the current all follow the cosϕ
form.
IV. SUMMARY
To conclude, we have studied the quantum transport through a parallel double-dot structure with the Aharonov-
Bohm magnetic flux infiltering the two path closed region. Infinite intradot and arbitrary interdot Coulomb repulsion
have been considered by employing the slave-boson technique introduced by Zou and Anderson. In weak coupling
and sequential tunneling regime we use the ”classical” quantum rate equations combined with nonequilibrium Green’s
functions to determine the density matrix and to calculate the current flowing through the system of stationary state.
The results show that external bias voltage induced superposition of two dots states is the cause of phase coherence of
AB oscillations of population of each dot and the current as a function of magnetic flux having a period of Φ0. Two
simplest cases are discussed as examples for two identical dots. We find that if there are no doubly occupied states,
the current is totally coherent - completely destructive interference exists with ϕ odd multiples of π and maximum
always reaches with ϕ even multiples of π; if there is no empty state, the population and the current are partially
coherent and amplitudes depend on the resonant energy levels relative to the chemical potentials of two reservoirs.
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V. APPENDIX
The solutions of density matrix elements in stationary states are: ρ11σ = ρ11σ¯ = ρ11, ρ22σ = ρ22σ¯ = ρ22, ρ21σ =
ρ21σ¯ = ρ21, ρ12σ = ρ12σ¯ = ρ12, ρddσσ = ρddσ¯σ¯ = ρdd, ρddσσ¯ = ρddσ¯σ = ρdd¯,
ρ00 = (C2A1 − C1A2)/(B1A2 −B2A1), (20)
ρ11 = (C2B1 − C1B2)/[2(A1B2 −A2B1)],
ρ21 = {(2α2 − β˜2)ρ00 − [α˜2 + β2 + (2 + α˜1/β˜1)β˜2](ρ11 + ρ22) + β˜2}/[2(β1 + 2α˜1 + iǫ)],
ρdd = [1− ρ00 − (2 + α˜1/β˜1)(ρ11 + ρ22)]/2,
ρdd¯ = α˜1(ρ11 + ρ22)/(2β˜1),
and ρ22 = ρ11, ρ12 = ρ
∗
21. Here,
A1 = 4(∆
2 + ǫ2)−∆(f˜L + f˜R cosϕ)[1 + f˜L − fL + γ(1− f˜L)]−∆(f˜R + f˜L cosϕ)[1 + f˜R − fR
+ γ(1− f˜R)] + ǫ sinϕ[(f˜R − f˜L)(1 + γ) + f˜LfR − f˜RfL],
B1 = ∆[2f˜L(fL + fR cosϕ) + 2f˜R(fR + fL cosϕ)− (1− f˜L)(f˜L + f˜R cosϕ)− (1− f˜R)(f˜R
+ f˜L cosϕ)] + (2− f˜L − f˜R)(∆
2 + ǫ2)− ǫ sinϕ[2(f˜RfL − f˜LfR) + f˜L − f˜R],
C1 = −(2− f˜L − f˜R)(∆
2 + ǫ2) + ∆[(1 − f˜L)(f˜L + f˜R cosϕ) + (1 − f˜R)(f˜R + f˜L cosϕ)]
+ ǫ sinϕ(f˜L − f˜R),
A2 = (2− fL − fR)(∆
2 + ǫ2)−∆(1− fL)[1 + f˜L − fL + cosϕ(1 + f˜R − fR) + γ(1− f˜L + cosϕ
8− cosϕf˜R)]−∆(1 − fR)[1 + f˜R − fR + cosϕ(1 + f˜L − fL) + γ(1− f˜R + cosϕ− cosϕf˜L)]
+ ǫ sinϕ[(1− fR)(f˜L + γ − γf˜L)− (1 − fL)(f˜R + γ − γf˜R)],
B2 = ∆(2fL + f˜L − 1)(1− fL + cosϕ− cosϕfR) + ∆(2fR + f˜R − 1)(1− fR + cosϕ− cosϕfL)
− 2(fL + fR)(∆
2 + ǫ2)− ǫ sinϕ[(1 − fR)(1 + f˜L)− (1− fL)(1 + f˜R)],
C2 = ∆[(1 − fL)(1 − f˜L + cosϕ− cosϕf˜R) + (1 − fR)(1− f˜R + cosϕ− cosϕf˜L)]
− ǫ sinϕ[(1− fR)(1 − f˜L)− (1− fL)(1− f˜R)],
and the current formula becomes
I =
2πeΓ
h
[(fL − fR)(2ρ00 + ρ11 + ρ22) + cosϕ/2(fL + f˜L − fR − f˜R)(ρ12 + ρ21) (21)
− i sinϕ/2(fL + f˜L + fR + f˜R − 2)(ρ12 − ρ21) + 2(f˜L − f˜R)(ρ11 + ρ22 + ρdd + ρdd¯)],
where ∆≡2− fL − fR + 2f˜L + 2f˜R, γ≡(4− f˜L − f˜R)/(2− f˜L − f˜R),
and fL(R)≡fL(R)(ǫd) = {e
β(ǫd−µL(R)) + 1}−1, f˜L(R)≡fL(R)(ǫd + U
′) = {eβ(ǫd+U
′−µL(R)) + 1}−1.
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